Collagen IX is a heterotrimer of three α-chains, which consists of three COL domains (collagenous domains) (COL1-COL3) and four NC domains (non-collagenous domains) (NC1-NC4), numbered from the C-terminus. Although collagen IX chains have been shown to associate via their C-terminal NC1 domains and form a triple helix starting from the COL1 domain, it is not known whether chain association can occur at other sites and whether other collagenous and non-collagenous regions are involved. To address this question, we prepared five constructs, two long variants (beginning at the NC4 domain) and three short variants (beginning at the COL2 domain), all ending at the NC2 domain (or NC2 replaced by NC1), to study association and selection of collagen IX α-chains. Both long variants were able to associate with NC1 or NC2 at the C-terminus and form various disulfide-bonded trimers, but the specificity of chain selection was diminished compared with full-length chains. Trimers of the long variant ending at NC2 were shown to be triple helical by CD. Short variants were not able to assemble into disulfide-bonded trimers even in the presence of both conserved cysteine residues from the COL1-NC1 junction. Our results demonstrate that collagen IX α-chains can associate in the absence of COL1 and NC1 domains to form a triple helix, but the COL2-NC2 region alone is not sufficient for trimerization. The results suggest that folding of collagen IX is a co-operative process involving multiple COL and NC domains and that the COL1-NC1 region is important for chain specificity.
INTRODUCTION
Collagens are the most abundant components of the ECM (extracellular matrix). They consist of three polypeptide chains (α-chains) wound into a right-handed helix composed of Gly-XaaYaa repeats, in which proline residues in the third (Yaa) position are often hydroxylated by prolyl 4-hydroxylase to stabilize the structure. Currently, the collagen superfamily consists of at least 28 homotrimeric or heterotrimeric proteins that are divided into subgroups according to their structure and function [1] [2] [3] . FACITs (fibril-associated collagens with interrupted triple helices; IX, XII, XIV, XVI, XIX, XX and XXI) consist of short triple helical COL domains (collagenous domains) flanked by NC domains (noncollagenous domains) and have two conserved cysteine residues in the COL1-NC1 junction [4, 5] .
Collagen IX is a component of hyaline cartilage, intervertebral disc and the vitreous of the eye. The collagen IX molecule is a heterotrimer of three genetically different chains, α1(IX), α2 (IX) and α3(IX) and consists of three COL domains, COL1-COL3, separated by four NC domains, NC1-NC4, numbered from the C-terminus [5] . In cartilage, collagen IX resides on the surface of collagen II/XI heterofibrils, possibly connecting fibrils together or to other ECM components [6] [7] [8] . Stabilization of the interaction between collagen IX and II is achieved by five covalent lysinederived cross-links between their α-chains [9] [10] [11] [12] [13] .
Studies of collagen IX chain assembly have been performed with pepsin-resistant low-molecular-mass fragments comprising the COL1 domain and synthesized peptides resembling the C-terminus of the COL1 domain and the complete NC1 domain [14, 15] . Low-molecular-mass fragments re-associated to form only three different triple helical forms: homotrimers of α1(IX) and α2(IX) and a heterotrimer of α1(IX)-α2(IX)-α3(IX) [15] . Similar observations were obtained from insect cells expressing FL (full length) collagen IX. In the insect cell system, collagen IX chains assembled favourably to triple helical α1(IX)α2(IX)α3 (IX) heterotrimers, but also disulfide-bonded α1(IX) homotrimers were seen [16] . Synthetic peptides consisting of the C-terminus of the COL1 and NC1 domains were able to form disulfide-bonded heterotrimers, but not triple helices, suggesting that triple helix formation is not the driving force for this interaction [14] .
Chain association studies with another FACIT member, collagen XII, carried out in HeLa and insect cells, suggested an important role for proline hydroxylation in stabilizing the COL1 domain in order to obtain disulfide-bonded trimers [17, 18] . Also, deletion of most of the NC1 domain of chicken collagen XII, except for the seven residues of the COL1-NC1 junction, did not prevent the formation of triple helical molecules [19] . Recently, it was shown that the formation of the COL1 triple helix is the key step in the trimeric association of collagen XII α-chains, which is then stabilized by interchain disulfide bonds [20] .
Chain association studies with the fibril-forming collagens I and III, carried out in semi-permeabilized cells, indicated an important role for the C-propeptide in triple helix formation [21] . The function of the FACIT NC1 domains is thought to be similar to that of the fibrillar procollagen C-propeptides in chain association. However, the C-propeptides of fibrillar Abbreviations used: BS 3 , bis(sulfosuccinimidyl) suberate; COL domain, collagenous domain; ECM, extracellular matrix; FACIT, fibril-associated collagen with interrupted triple helices; FBS, fetal bovine serum; FL, full length; MOI, multiplicity of infection; NC domain, non-collagenous domain; SS, signal sequence. 1 Present address: Academic Department of Medical Genetics, St Mary's Hospital, Manchester, U.K. 2 To whom correspondence should be addressed (email leena.ala-kokko@oulu.fi).
procollagens are much larger, being approx. 260 amino acids compared with 15-75 residues in the FACITs [5] . Also, the short C-telopeptide in procollagen III was found to be unimportant in triple helix nucleation, while a minimum of two hydroxyprolinecontaining Gly-Xaa-Tyr repeats at the C-terminus of the triple helix were required. It has been suggested that interchain disulfide bond formation within the C-propeptide or the C-telopeptide is not required for chain association and triple helix formation, leaving a possible stabilizing function for these bonds [21, 22] . Use of chimaeric procollagens formed of α1(III)-and α2(I)-chains identified a discontinuous sequence of 15 amino acids, which directs procollagen self-association. This 15-residue chain recognition motif, in the C-propeptide, contains the information needed for the procollagen chains to discriminate between each other and assemble in a type-specific manner [23] . α-Helical coiled-coil motifs have been shown to play an essential role in trimerization of collagen-like proteins such as collectins [24] and transmembrane collagens [25] [26] [27] . Such motifs are characterized by heptad repeats abcdefg in which residues a and d are hydrophobic [28] . It has previously been shown that such motifs are present in almost all members of the collagen superfamily [29] . In the case of the fibrillar procollagens, for example, four such heptad repeats are found at the beginning of the C-propeptide domain. In the FACITs, two partially overlapping sets of heptad repeats are found in the NC2 domain, but none in the NC1 domain.
In the present study, we have addressed the questions of collagen IX chain association, assembly and triple helix formation by expressing collagen IX deletion constructs in insect cells. Our results demonstrate that collagen IX α-chain variants starting at the NC4 domain and ending at the NC2 domain (or NC2 replaced by NC1) can associate into trimers and form a triple helix starting from the COL2 domain. In contrast, the α-chains of short variants starting at COL2 and ending at NC2 (or NC2 replaced by NC1) were not able to trimerize, suggesting that structural information provided by sequences N-terminal to COL2 is required for complete folding and stabilization of collagen IX molecules.
MATERIALS AND METHODS

Construction of plasmids
Previously constructed FL α1(IX), α2(IX) and α3(IX) cDNAs [16] in pVL1392 vectors (Pharmingen) were used as templates for PCRs to generate various truncated variants of collagen IX ( Figure 1 ). All the oligonucleotides for preparing the required cDNAs for the collagen IX α-chains are shown in Table 1 . PCRs were performed with thermal cycling of 45 s at 95
• C, 20-30 s at 54-62
• C and 30-45 s at 68-72
• C for 15-36 cycles followed by a final extension at 72
• C for 5 min. For constructs that were generated by consecutive PCRs, 1 µl of the first reaction was used as a template for the second reaction, and 1 µl of the second was used as a template for the third reaction. The second and third amplifications were performed under the conditions described above using 25 cycles. The oligonucleotides used to prepare the various cDNAs for the α1(IX)-and α2(IX)-chain variants contained designed NotI cleavage sites, while the oligonucleotides for α3(IX) contained designed XbaI or EagI cleavage sites. PCR products were electrophoresed and purified (QIAEXII Gel Extraction kit; Qiagen) and then ligated into the pGEM-T-Easy vector (Promega). Amplified cDNAs together with pVL1392 vector were digested with NotI and EagI (COL9A1 and COL9A2) and with XbaI or EagI (COL9A3), and the cDNAs were ligated into pVL1392 vectors. All the constructed plasmids FL collagen IX (A) consists of three COL domains (COL1-COL3) and four NC domains (NC1-NC4), named from the C-terminus of the molecule. Two cysteine residues (Cys) located in the COL1-NC1 junction are conserved in FACITs. NC4-NC2 collagen IX (B) consists of NC4, COL3, NC3, COL2 and NC2 domains, while NC4-COL2/NC1 collagen IX (C) consists of NC4, COL3, NC3, COL2 and NC1 domains. In COL2/NC1 collagen IX (D), the α1(IX)-chain SS is attached to the COL2 domain followed by the NC1 domain, which contains one of the conserved cysteine residues. COL2/C/NC1 collagen IX (E) is composed of SS and COL2 and NC1 domains with an engineered cysteine residue at the C-terminus of the COL2 domain in addition to the conserved cysteine residue in the NC1 domain. COL2/NC2 collagen IX (F) consists of SS and COL2 and NC2 domains.
were sequenced (ABI Prism BigDye Sequencing kit, ABI Prism 377 XL; Applied Biosystems).
Construction of NC4-NC2 plasmids
9A1F and 9A1NC2R, and 9A2F and 9A2NC2R oligonucleotides were used to prepare the COL9A1 and COL9A2 NC4-NC2 constructs. 9A3F and 9A3NC2R oligonucleotides were used to prepare the COL9A3 NC4-NC2 construct ( Figure 1, construct B) .
Construction of NC4-COL2/NC1 plasmids
9A1F and 9A1NC1R1 oligonucleotides for COL9A1, 9A2F and 9A2NC1R1 oligonucleotides for COL9A2, and 9A3F and 9A3NC1R1 oligonucleotides for COL9A3 were used in the first PCR reaction to build the NC4-COL2 domains. The NC1 domain for all the chains was constructed by two consecutive PCRs using 9A1F/9A2F/9A3F and 9A1NC1R2/9A2NC1R2/9A3NC1R2 oligonucleotides in the first reaction, and 9A1F/9A2F/9A3F and 9A1NC1R3/9A2NC1R3/9A3NC1R3 oligonucleotides in the second reaction (Figure 1 , construct C). 
Construction of COL2/C/NC1 and 9A1 SS (signal sequence) plasmids
Three consecutive PCRs were performed to generate COL2/ C/NC1 cDNAs for the three collagen IX α-chains ( Figure 1 , construct E). COL9A1 cDNA was generated with 9A1COL2F and 9A1NC1R1C, 9A1COL2F and 9A1NC1R2, and 9A1COL2F and 9A1NC1R3. 9A2COL2F and 9A2NC1R1C, 9A2COL2F and 9A2NC1R2, 9A2COL2F and 9A2NC1R3 were used for COL9A2 COL2/C/NC1 and 9A3COL2F and 9A3NC1R1C, 9A3COL2F and 9A3NC1R2, and 9A3COL2F and 9A3NC1R3 for COL9A3 COL2/C/NC1 respectively. 9A1NC1R1C, 9A2NC1R1C and 9A3NC1R1C contained a codon for cysteine instead of alanine, aspartic acid or glutamic acid at the 3 -end of COL2 respectively. 9A1F and SSR oligonucleotides were used to amplify the α1(IX)-chain SS (9A1 SS). The 9A1 SS and COL9A1 cDNAs were obtained by digestion with NotI and SpeI, and the cDNAs were ligated into the pGEM-T vector. The plasmids with the 9A1 SS and COL9A2 cDNAs were digested with SpeI, and the cDNAs were ligated into the pGEM-T-Easy vector. SpeIand EagI-digested COL9A3 cDNA was ligated into NotI-and SpeI-digested pGEM-T vector. This plasmid and the 9A1 SS plasmid were then digested with SpeI and SacI and the inserts were ligated into the pGEM-T-Easy vector. All the resulting plasmids and the pVL1392 vector were digested with NotI and EagI, and the cDNAs were ligated into pVL1392.
Construction of COL2/NC1 plasmids
COL2/C/NC1 cDNAs in pVL1392 were used as templates for PCR to amplify the 9A1 SS, and the COL2 and NC1 domains for COL9A1 and COL9A2. The PCR was performed in three consecutive steps using 9A1F and 9A1NC1R1, 9A1F and 9A1NC1R2, 9A1F and 9A1NC1R3 for COL9A1 COL2/ NC1, 9A2F and 9A2NC1R1, 9A2F and 9A2NC1R2, 9A2F and 9A2NC1R3 for COL9A2 COL2/NC1. The cDNAs were transferred to the pVL1392 vector as indicated above for the COL2/C/NC1 construct. The corresponding domains for COL9A3 were amplified in three steps using FL α3(IX) cDNA as a template with the following primer pairs: 9A3COL2F and 9A3NC1R1, 9A3COL2F and 9A3NC1R2, and 9A3COL2F and 9A3NC1R3 (Figure 1, construct D) . COL9A3 COL2/ NC1 and 9A1 SS cDNAs were ligated together as shown above for the COL2/C/NC1 construct.
Construction of COL2-NC2 plasmids
To amplify the α1(IX), α2(IX) and α3(IX) COL2 and NC2 cDNAs, 9A1COL2F together with 9A1NC2R1, 9A2COL2F with 9A2NC2R1, and 9A3COL2F with 9A3NC2R1 were used for PCR ( Figure 1, construct F) . The products were ligated into the pGEM-T vector. The resulting plasmids and the 9A1 SS plasmid were digested with SpeI. The COL2/NC2 and 9A1 SS cDNAs were ligated into the pGEM-T-Easy vector. The resulting plasmids and pVL1392 vector were digested with NotI and EagI and the inserts were ligated into pVL1392.
Generation of the recombinant viruses
The cDNAs constructed above (15 total) were co-transfected into Spodoptera frugiperda (Sf9; Invitrogen) insect cells with a modified Autographa californica nuclear polyhedrosis virus by using the BaculoGold TM Transfection kit (Pharmingen). Sf9 cells were cultured in TNM-FH medium (Sigma) supplemented with 10 % (v/v) FBS (fetal bovine serum; Atlanta Biologicals or Bioclear) at 27
• C and were seeded at ∼ 60 % confluency in tissue culture plates for the transfection. Viral pools were plaque purified and amplified three to four times, using either monolayer (∼ 70 % confluency) or suspension cultures, before use in the expressions.
Expression of recombinant proteins
Trichoplusia ni (High Five; Invitrogen) insect cells were cultured in monolayers or in suspension in Sf-900 II SFM medium (Gibco) with or without 5 % FBS at 27
• C. Prior to the infection, the insect cells were seeded at ∼ 70 % confluency in monolayers and (1-1.5) × 10 6 cells/ml for expression in suspension. The cells were co-infected with one to three viruses containing cDNAs for the various α1(IX)-, α2(IX)-and α3(IX)-chains and a double promoter virus 4PHαβ for the α-and β-subunits of human prolyl 4-hydroxylase cDNAs [30] , with an MOI (multiplicity of infection) of 2 for each virus. Ascorbate (80 µg/ml) was added daily to the culture medium.
Isolation and purification of the recombinant protein
After 72 h of infection, the High Five cells were detached from the culture plates by pipetting and harvested by centrifugation at 600-1000 g for 5-10 min. The medium samples from monolayer cultures were analysed by SDS/PAGE followed by Western blotting with the pan collagen-specific monoclonal antibody 95D1A [31] .
Cells cultured in suspension were harvested by centrifugation at 1000 g for 30 min at 4
• C and the medium was further clarified at 10 000 g for 30 min. Collagen IX molecules and their variants were precipitated from the culture medium by adding solid ammonium sulfate to 26 % saturation and placing the mixture on ice while stirring for 1 h. The precipitate was collected by centrifugation at 10 000 g for 30 min at 4
• C and dissolved in 0.4 M NaCl, 2 M urea, 10 mM EDTA and 0.1 M Tris/HCl (pH 7) buffer at 4
• C overnight. The protein solution was clarified by centrifugation at 12 000 g for 30 min at 4
• C and then purified by gel filtration (Superdex TM 200; Amersham Biosciences) in the same buffer. The protein was further purified by cationexchange chromatography (HiTrap TM SP HP or SP FF; Amersham Biosciences) in 50 mM Pipes, 20 mM NaCl and 2 M urea (pH 6.5) buffer, eluting with an increasing NaCl concentration (from 0.02 to 1 M NaCl). Collagen IX-containing fractions were pooled and dialysed against 50 mM acetic acid and then concentrated. The concentrated samples were analysed by SDS/PAGE followed by staining with Gelcode ® Blue stain (Pierce) or Bio-Safe TM Coomassie (Bio-Rad) or Western blotting with the monoclonal antibody 95D1A. The purified material was then subjected to amino acid analysis in an Applied Biosystems 421 analyser. The composition of the material usually corresponded well to the calculated values for human collagen IX [16] .
Chemical cross-linking
Covalent cross-linking of the short variants COL2-NC1, COL2/C/NC1 and COL2-NC2 was performed using BS 3 [bis(sulfosuccinimidyl) suberate; Sigma]. Increasing amounts of BS 3 (0, 0.1, 0.5, 1 or 2 mM final concentration) prepared in 5 mM sodium citrate (pH 5) were added to conditioned medium dialysed against 1 × PBS for 1 h at room temperature (21
• C). Addition of SDS/PAGE loading buffer containing Tris/HCl (0.5 M) inhibited the reaction. Samples were subjected to SDS/PAGE, which was carried out without thiol reduction. Proteins were transferred on to PVDF membranes by Western blotting, and the presence of Collagenous regions are presented in boldface to separate them from non-collagenous regions. Extra amino acids generated to the C-terminus of the SS are presented in italics. The generated cysteine residues at the COL2-NC1 junction are presented in boldface italics. cross-linked dimers or trimers was identified by using the 95D1A monoclonal antibody.
CD analysis of purified recombinant proteins
Purified heterotrimeric FL collagen IX (α1-α2-α3) and heterotrimeric NC4-NC2 (α1-α2-α3) were analysed for their triple helicity using CD (J810; Jasco). Proteins in 50 mM acetic acid were placed in a rectangular cuvette (1 mm path length) at 5
• C and their far-UV spectra were measured in the 190-250 nm region with a scan speed of 20 nm/min and two accumulations per spectrum. The spectrum of 50 mM acetic acid was subtracted from the collagen IX spectra, followed by smoothing.
RESULTS
Association of FL, NC4-NC2 and NC4-COL2/NC1 collagen IX α-chains
To study the chain association of FL collagen IX (Figures 1 and 2 ) and the ability of the NC2 domain to direct chain association, a cDNA construct NC4-NC2, consisting of cDNAs for the NC4, COL3, NC3, COL2 and NC2 domains was prepared for each collagen IX α-chain (Figures 1 and 2) . A corresponding construct, NC4-COL2/NC1, was also prepared in order to determine whether NC1 could direct the chain association at COL2 (Figures 1 and 2 ). These constructs were prepared by PCR using primers described in Table 1 . NC4-NC2, NC4-COL2/NC1 and FL cDNA constructs in the baculovirus expression vectors were co-transfected into insect cells with a nuclear polyhedrosis virus, and resulting viral pools were plaque purified and amplified. Viruses were tested for expression on adherent insect cell cultures by performing SDS/PAGE and Western blotting, using 95D1A antibody, for the conditioned medium. The best virus for each chain of the three variants of collagen IX was used for expression, on adherent cultures of insect cells, together with virus for prolyl 4-hydroxylase with an MOI of 2 for each virus. After expression (for 72 h), conditioned medium of all possible combinations of FL, NC4-NC2 and NC4-COL2/NC1 chains were subjected to SDS/PAGE and Western blotting under reducing ( Figures 3A, 4A and 5A) and non-reducing ( Figures 3B, 4B and 5B) conditions. Each chain of the three variants could be detected in every combination whenever the corresponding virus was used in the Chain association of FL collagen IX was studied using conditioned medium from adherent cultures of insect cells that were infected with one to three viruses for the collagen IX α-chains together with the virus for prolyl 4-hydroxylase, at MOI 2 for each virus. All possible chain compositions were subjected to SDS/10 % PAGE under reducing conditions (A) and SDS/6 % PAGE under non-reducing conditions (B) followed by Western-blot analysis with the monoclonal antibody 95D1A. Chains are identified by the notation 9A1, 9A2 and 9A3, corresponding to the α1-, α2-and α3-chains respectively. expression. All the chains were of the expected sizes ( Figures 3A,  4A and 5A ). When individual chains were expressed together with prolyl 4-hydroxylase, both FL and NC4-NC2 chains were found mainly as monomeric and dimeric molecules ( Figures 3B and  4B ). Small amounts of FL α1-chain homotrimers were observed, but not for the α2-and α3-chains. In contrast, for the NC4-NC2 variants, both the α1-and α3-chains formed homotrimers, but not α2. The tendency to form homotrimers increased even more when the NC2 domains were replaced by NC1 in the NC4-NC2 variants, thereby forming the NC4-COL2/NC1 variants, where homotrimers were observed for all three chains ( Figure 5B ). When FL chains were co-expressed in pairs (α1/α2, α1/α3 or α2/α3), trimers were only observed when the α1-chain was present ( Figure 3B ). When all three chains were co-expressed, as previously described [16] , a new trimer band was observed (indicated by the arrow in Figure 3B ) which corresponds to the heterotrimeric molecule consisting of all three chains. In contrast, when different NC4-NC2 chains were co-expressed ( Figure 4B ), heterotrimers were observed with the pairwise combinations but there was no indication of a new heterotrimeric band when all three chains were co-expressed. This was also the case for mixtures of NC4-COL2/NC1 chains ( Figure 5B ). These results demonstrate that trimerization can occur when the COL1 and NC1 domains are deleted, but they also indicate that collagen IX α-chains lacking NC1 and COL1 domains can assemble in every possible chain combination and form disulfide-bonded trimers. Thus the COL1 and NC1 domains are not essential for trimerization, although chain selection specificity is significantly reduced in the absence of COL1 and NC1.
Purification and CD analysis of FL and NC4-NC2 collagen IX
To further study the collagen IX trimers found in the absence of COL1 and NC1, larger amounts of these proteins as well as FL collagen IX were produced in suspension cultures of insect cells with prolyl 4-hydroxylase. In addition to co-expression of the α1-, α2-and α3-chains of FL collagen IX, α1-, α2-and α3-chains of NC4-NC2 were also co-expressed. Collagen IX was precipitated from the conditioned medium (after 72 h)
Figure 5 Analysis of NC4-COL2/NC1 collagen IX chain association
Chain association of NC4-COL2/NC1 collagen IX was studied using conditioned medium from adherent cultures of insect cells that were infected with one to three viruses for collagen IX α-chains together with the virus for prolyl 4-hydroxylase, at MOI 2 for each virus. All possible chain compositions were subjected to SDS/10 % PAGE under reducing conditions (A) and SDS/6 % PAGE under non-reducing conditions with 26 % saturation of ammonium sulfate, and subjected to gel filtration and cation-exchange chromatography. Purified proteins were dialysed against 50 mM acetic acid and stored frozen. When proteins were analysed by SDS/PAGE under reducing conditions, FL collagen IX appeared as three distinct bands after Coomassie staining ( Figure 6A ), as shown previously [16] . When the samples were not reduced prior to SDS/PAGE, FL collagen IX appeared as a major band ( Figure 6B ) as also previously reported [16] . Collagen IX NC4-NC2 was not expressed as efficiently as the FL molecule, but monomers were detected under reducing conditions ( Figure 6C ) and trimeric molecules were seen under non-reducing gels ( Figure 6D ). The purified protein samples were then subjected to CD analysis in 50 mM acetic acid at + 5
• C. Far-UV spectra were studied by performing wavelength scans from 250 to 190 nm. A typical collagen triple helical spectrum was observed for FL collagen IX ( Figure 7A ) with maximum ellipticity at approx. 221 nm and minimum ellipticity at approx. 198 nm [32] . The NC4-NC2 chain combination of collagen IX showed a similar spectrum ( Figure 7B) as the FL protein. The CD spectrum for NC4-NC2 suggests that the trimeric molecules seen on the gels under non-reducing conditions were indeed triple helical and not only disulfide-bonded. The triple helicity of the NC4-COL2/NC1 variant was not analysed because of difficulties in purifying the protein.
Figure 6 SDS/PAGE of purified FL and NC4-NC2 collagen IX α-chains
Viruses for FL collagen IX α1-, α2-and α3-chains, or NC4-NC2 collagen α1-, α2-and α3-chains, were expressed together with virus for prolyl 4-hydroxylase in insect cell-suspension cultures. Secreted collagen IX was precipitated from the conditioned medium with ammonium sulfate and further purified with gel filtration and cation-exchange chromatography. Purified FL collagen IX was subjected to SDS/10 % PAGE under reducing conditions (A) and SDS/6 % PAGE under non-reducing conditions (B). Purified NC4-NC2 trimers were subjected to SDS/10 % PAGE under reducing (C) and non-reducing (D) conditions.
Association of COL2/NC1, COL2/NC2 and COL2/C/NC1 collagen IX α-chains
Since the above results showed that collagen IX chains could trimerize in the absence of the COL1 and NC1 domains, we asked the question whether the NC2 domain could direct trimerization of the COL2 domain, in the absence of domains NC4, COL3 and NC3. For this, short COL2/NC2 variants were prepared for all three collagen IX chains. We also prepared COL2/NC1 constructs for comparison. The COL2/NC1 construct was prepared by amplifying the COL2 domain encoding cDNA and simultaneously building the NC1 domain encoding cDNA to the 3 -end of COL2 by PCR (Figures 1 and 2 and Table 1 ). The COL2/NC2 construct was prepared by PCR using primers designed for the 5 -end of the COL2 domain encoding cDNA and the 3 -end of the NC2 domain encoding cDNA (Figures 1 and 2 and Table 1 ). The cloned SS of the α1(IX)-chain (9A1 SS) was added to the 5 -end of the constructs to ensure secretion of the resulting proteins. When analysed by SDS/PAGE and Western blotting under reducing conditions, monomers of the expected sizes were found, as shown for COL2/NC1 in Figure 8(A) . Under non-reducing conditions ( Figure 8B ), both monomers and dimers were found, but not trimers. Similar results were obtained for COL2/NC2 (results not shown). However, it should be noted that the corresponding amino acid sequences for these constructs contained at most one cysteine residue per chain (see Figure 2) . Therefore, if trimers were present, they would not be visible in non-reducing gels due to the lack of sufficient cysteine residues to form disulfide bridges linking all three chains. To circumvent this problem, we changed the last residue in the COL2 domain of each COL2/NC1 construct to cysteine, thereby mimicking the two cysteine residues separated by four amino acids found at the COL1-NC1 junction, which have been shown to be important in chain association. These constructs, called COL2/C/NC1, were prepared for each collagen IX α-chain, by amplifying the COL2 cDNA and building the NC1 cDNA by PCR and substituting a codon for alanine (α1), aspartic acid (α2) and glutamic acid (α3) by codons for cysteine in the 3 -end of the cDNA coding for the COL2 domain ( Figures 1E and 2 and Table 1 ). As before, a cloned SS of the α1(IX)-chain (9A1 SS) was added to the 5 -end of the COL2/C/NC1 construct to ensure secretion. However, when conditioned medium was analysed by SDS/PAGE and Western blotting under non-reducing conditions, again only monomers and dimers were detected ( Figure 8B ).
To further investigate the possible presence of trimers using the short COL2-containing variants, conditioned medium was subjected to covalent cross-linking using BS 3 [29] to stabilize dimers and any trimers present. When analysed by SDS/PAGE and Western blotting however, only monomeric, dimeric or aggregated molecules with very-high-molecular-mass, but not trimers, were detected, with COL2/NC2, COL2/NC1 and COL2/C/NC1 constructs (results not shown). Thus the COL2/NC2 region alone appears unable to form a stable triple helix in the experimental conditions used, even after substituting NC2 for NC1 and introducing a cysteine residue at the end of COL2. 
DISCUSSION
Collagen chain assembly is a complex multistep process in which three chains must properly associate, form a correctly aligned triple helix and hence stabilize the structure. Most chain association studies on collagens have focused on finding the minimal requirements for this process to happen and have been performed on fibrillar collagens. These studies showed a specific role for the C-propeptide region in chain recognition, while triple helix nucleation occurs at the C-terminus of the collagenous region, leaving only stabilizing roles for the C-telopeptides and disulfide bonds [21] [22] [23] . Chain association studies with FACITs suggest that the NC1 domains share some of the functions of the C-propeptides, although the information for chain association and nucleation is thought to reside in the COL1-NC1 junction [14, 15, [17] [18] [19] [20] . Previous to the work reported here, nothing was known about whether FACITs can associate and form triple helices starting in other non-collagenous regions, e.g. at NC2, and whether the information in the COL1-NC1 junction is specific, or whether COL and NC can act independently or in different combinations.
In the present study, collagen IX chain association using FL α-chains and various deletion variant chains was studied. Collagen IX NC4-NC2 α-chains (i.e. devoid of both COL1 and NC1 domains) were found to trimerize in insect cells, as shown by SDS/PAGE and Western blotting under non-reducing conditions. Furthermore, replacement of NC2 in these variants by NC1 (to create collagen IX NC4-COL2/NC1 α-chains) also led to trimerization. This suggests that COL and NC domains may act in different combinations and that the information for association may not be junction-specific. Alternatively, association may take place at the NC3 domain and trimerization may proceed in the N to C direction, as is the case with collagen XIII [26] . In both cases, however, the results also suggested that the specificity of chain selection was diminished, since trimerization occurred with many different chain compositions, including homotrimers, unlike FL chains that preferentially formed heterotrimers. This observation is consistent with previous reports [18, 19] supporting the role of the NC1-COL1 junction in chain selection of collagen IX. Thus, contrary to other regions in collagen IX, it seems that the NC1 and COL1 domains function as a pair, where both domains have possibly evolved together to nucleate the triple helix in a specific manner.
Trimers formed from a mixture of NC4-NC2 α1-, α2-and α3-chains were found to be triple helical, by CD analysis. The results are in agreement with the findings of Paassilta et al. [33] who found that a naturally occurring mutation in the COL1 domain leading to deletion of one Gly-Xaa-Yaa repeat, with normal α1(IX)-and α2(IX)-chains, did not affect trimerization and triple helix formation, suggesting that the NC2 domain of collagen IX can correct chain alignment. The fact that these deletions were neutral variants was very surprising, since similar deletions in collagen I are lethal [34, 35] .
In addition, we studied the role of the NC1 and NC2 domains in chain association in the context of short variants, by expressing chains composed of COL2 and NC1 as well as COL2 and NC2. COL2 was chosen as the shortest unit among the constructs because it was expected to be of sufficient length to ensure triple helical folding [30] . If NC1 has all the necessary information needed for collagen IX chains to associate, then chains composed of NC1 attached to COL2 should be able to trimerize and possibly also form triple helices. In the work carried out here, this was not the case; only dimeric or monomeric molecules were detected. Chains with NC1 appended to COL2 did not trimerize, even when the final residue in the COL2 domain was replaced by cysteine, thereby mimicking the two cysteine residues separated by four amino acids found at the COL1-NC1 junction. In addition, when COL2/NC2 chain association was analysed, only dimeric or monomeric molecules were detected. Therefore it appears that while COL1/NC1 fragments do have the ability to trimerize [14] [15] 19] , COL2/NC1 and COL2/NC2 do not.
In summary, we have shown that the COL1 and NC1 domains are not essential for trimerization of collagen IX chains. Moreover, NC2 domains appear to be unable to drive trimerization in the short COL2/NC2 variant chains. This is surprising in view of the identification of a coiled region in FACIT NC2 domains [29] and the fact that coiled-coil regions have been shown to induce trimerization in several collagens and collagen-like proteins. The FACIT NC2 coiled-coil region is unusual however, in that it consists of two partially overlapping sets of heptad repeats [32] , and is therefore unable to form a continuous classical coiled coil, which might weaken trimerization ability. These observations suggest that trimerization in the absence of the COL1 and NC1 domains is a co-operative process, involving not only the COL2 and NC2 domains but also other domains such as COL3 and NC3. A similar argument holds for the long variants with NC1 following COL2 instead of NC2, since these also trimerize but not the corresponding short-chain variants. Furthermore, the observed results demonstrate that in the absence of the COL1 and NC1 domains, the specificity of chain association is diminished, which suggests that chain specificity is strongly influenced by these domains. Further research is required to determine whether the results obtained also apply for other FACITs.
